Chronic cocaine exposure influences the density and morphology of dendritic spines on medium spiny neurons (MSNs) in the nucleus accumbens (NAc), a critical brain region for cocaine craving. However, the relationship between spine plasticity and craving remains unclear. To study this relationship, we trained rats to self-administer cocaine using an extended-access regimen (6 h per day, 10 days); controls self-administered saline. Previously, a time-dependent intensification (incubation) of cue-induced cocaine craving has been demonstrated after withdrawal from this regimen; furthermore, Ca 2+ -permeable AMPA receptors (CP-AMPARs) increase in the NAc core after~1 month of withdrawal and thereafter mediate the expression of incubated craving. Although neither craving nor CP-AMPAR levels were measured in the present study, we killed rats at four withdrawal day (WD) time-points (WD14, WD25, WD36, or WD60) selected to span the rising phase of incubation and the transition from low to high CP-AMPAR levels. MSNs were iontophoretically filled with Lucifer yellow and spines were analyzed with NeuronStudio software. Compared with saline controls, cocaine rats showed no changes in spine density or morphology in the NAc core on WD14 or WD25. On WD36, approximately the withdrawal time when stable elevation of CP-AMPAR levels is detected, the cocaine group exhibited increased density of thin spines in the NAc core. By WD60, however, this effect had reversed: the density of thin spines was lower in cocaine rats compared with saline rats. In contrast, craving and CP-AMPAR levels remain high on WD60. We also assessed spine density on WD36 in the dorsolateral striatum, a region that is not implicated in incubation of cocaine craving and does not undergo CP-AMPAR plasticity. Here, the cocaine group exhibited a small leftward shift in the distribution of spine densities plotted as a cumulative distribution, opposite to the effect found in the NAc core. Overall, our results demonstrate changes in NAc core spines over 2 months of withdrawal but no simple relationship between the time dependency of these spine changes and the previously demonstrated time course of incubation of cocaine craving. However, they raise the possibility that CP-AMPAR accumulation in the NAc core occurs in a population of thin spines that emerges after~1 month of withdrawal.
INTRODUCTION
Since the first demonstration that cocaine affects dendritic spines (Robinson and Kolb, 1999) , there has been sustained interest in the role of structural plasticity in animal models of addiction, although no consensus has emerged regarding its functional consequence (Russo et al, 2010; Golden and Russo, 2012) . The majority of studies on cocaine-induced structural plasticity have focused on the nucleus accumbens (NAc), which integrates excitatory inputs from cortical and limbic regions that influence motivated behaviors (Sesack and Grace, 2010) , and have used non-contingent cocaine regimens leading to behavioral sensitization. Many of these studies found increased spine density after non-contingent cocaine exposure (Golden and Russo, 2012) . Recent evidence suggests that this is related to sensitization of cocaine's incentive-motivational rather than locomotor-activating effects . Surprisingly, we are aware of only six studies of NAc dendritic spines after cocaine self-administration (see Discussion). Such studies are important because selfadministration models are required to investigate the relationship between spine plasticity and cocaine craving, and because excitatory synaptic transmission-which is expected to be related to spine plasticity-undergoes markedly different plasticity after withdrawal from noncontingent vs contingent cocaine (Wolf and Ferrario, 2010; Wolf, 2016) . The aim of the present study was to analyze spine density and morphology in NAc medium spiny neurons (MSNs) after withdrawal from an extended-access cocaine self-administration regimen shown in many previous studies to elicit progressive intensification (incubation) of cue-induced cocaine craving after withdrawal/abstinence (these terms will be used interchangeably) (Pickens et al, 2011) . Incubation of drug craving may help explain the persistence of cocaine craving even after prolonged abstinence (Pickens et al, 2011; Wolf, 2016) and has been demonstrated in human cocaine users (Parvaz et al, 2015) .
Incubation of cocaine craving in rodents involves a time-dependent increase in Ca 2+ -permeable AMPA receptors (CP-AMPARs) in excitatory synapses on NAc core MSNs (Wolf, 2016) . Normally present at low levels in NAc synapses, CP-AMPARs increase after~1 month of withdrawal, strengthening excitatory transmission onto MSNs, and thereafter their activation is required for expression of incubated cocaine craving (Conrad et al, 2008; Purgianto et al, 2013; Loweth et al, 2014) . The present study asked whether time-dependent structural plasticity occurs in NAc core that could support this strengthening of excitatory synaptic transmission. Accordingly, in contrast to previous studies that examined a single withdrawal time, we analyzed four withdrawal time-points, selected to span the incubation of cocaine craving (Lu et al, 2004) and the increase in NAc core CP-AMPAR levels (Wolf and Tseng, 2012) . We also examined the NAc shell, which contributes to incubation (Wolf, 2016) . As a control, we assessed the dorsolateral striatum (DLS), which contributes to cocaine seeking during abstinence but not its incubation (Pacchioni et al, 2011) .
MATERIALS AND METHODS

Drug Self-Administration
All procedures were approved by our Institutional Animal Care and Use Committee. Adult male Sprague-Dawley rats (Harlan, Indianapolis, IN), weighing 250-275 g upon arrival, were housed 3 per cage under a reverse 12-h light-dark cycle with food and water freely available. As described previously (Conrad et al, 2008; Loweth et al, 2014) , after at least 5 days of recovery from jugular catheter implantation, rats were trained (6 h per day, 10 days) in operant chambers equipped with two nose-poke holes (Med Associates, St Albans, VT). Active hole responding delivered an infusion of saline or cocaine (0.5 mg/kg per 100 μl over 3 s) paired with a 30-s light cue inside the nose-poke hole. Inactive hole responding had no consequences. Different groups of saline and cocaine rats were killed on withdrawal day 14 (WD14) (saline, n = 5; cocaine, n = 4), WD25 (saline, n = 5; cocaine, n = 5), WD36 (saline, n = 5; cocaine, n = 4), or WD60 (saline, n = 5; cocaine, n = 5).
Brain Fixation
Rats were transcardially perfused with cold 1% paraformaldehyde in phosphate-buffered saline (PBS), pH 7.4, for 1 min, followed by cold 4% paraformaldehyde with 0.125% glutaraldehyde in PBS for 12 min. Brains were removed and postfixed in the same fixative for 12 h. Timing was determined from preliminary experiments comparing postfixation durations from 6 to 24 h to optimize Lucifer yellow visualization and cellular retention. Fixed brains were sectioned into 200 μm thick slices.
Microinjection of Lucifer Yellow
A 5% (100 mM) Lucifer yellow solution (Invitrogen, Carlsbad, CA) was injected into MSNs using an iontophoretic cell loading procedure (1-5 nA for 1-3 min; Meredith et al, 1992; Dumitriu et al, 2011 ) (see Supplementary Materials). Sections were then mounted on slides with a 120 μm spacer and coverslipped before imaging.
Confocal Imaging and Spine Analysis
To ensure that we analyzed distal dendrites, which show robust cocaine-induced plasticity (Robinson and Kolb, 2004; Ferrario et al, 2005) , we imaged dendritic segments located 450 μm from the soma. We selected segments that did not overlap with other segments. As described previously (Dumitriu et al, 2011 (Dumitriu et al, , 2012 and detailed in Supplementary Materials, images were acquired on a confocal LSM 510 (Carl Zeiss) and analyzed with NeuronStudio software, which automatically classifies spines as thin, mushroom, or stubby based on head-to-neck diameter ratio, length-to-head diameter ratio, and head diameter.
Statistical Analysis
Spine densities were calculated as the number of total spines or morphologically defined spines (thin, stubby, mushroom) divided by the length of the dendritic segment. Cumulative distributions encompass all spines from every dendritic segment for all animals in the experimental group. Distribution differences were evaluated using the KolmogorovSmirnov (K-S) test. For bar graphs, spine densities from all dendritic segments were averaged for each animal, and these values were averaged to determine the mean ± S.E.M. for all animals in the group. Comparisons of total spine density between cocaine and saline groups at a particular withdrawal time were performed using unpaired Student's t-tests. Comparisons of multiple spine subtypes were performed using two-way ANOVAs with Bonferroni post hoc tests. Significance was set at po0.05 (NS, not significant).
RESULTS
Rats self-administered saline or cocaine using an extendedaccess regimen (Figure 1 ) that is well established as leading to incubation of cocaine craving (Lu et al., 2004; Conrad et al., 2008; Purgianto et al., 2013; Loweth et al., 2014) . For reasons discussed previously, this regimen does not always lead to escalation of intake (see Purgianto et al., 2013; Wolf, 2016) , consistent with evidence that escalation and incubation involve distinct changes in NAc MSN firing (Guillem et al., 2014) . Rats were perfused for spine analysis on WD14 (well before CP-AMPAR accumulation), WD25 (just before onset of CP-AMPAR accumulation), WD36 (shortly after maximal CP-AMPAR levels are attained), or WD60 (stably elevated CP-AMPAR expression) (Wolf and Tseng, 2012) . Behaviorally, cue-induced cocaine craving, measured after a nearly identical regimen, progressively intensifies (incubates) from WD1 through~WD30, reaching a plateau that persists at least through WD90 (Lu et al, 2004) .
Total Spine Density in the NAc Core
For each experimental group, total spine density data were analyzed in two ways: (1) the average total spine density was calculated per animal and then averaged for each group, and (2) the distribution of total spine densities was plotted as a cumulative frequency (this included all spines on each analyzed dendrite from all animals in each group). Our measures of total spine density in saline controls correspond well to those reported previously (eg, Dumitriu et al, 2012) . We began by comparing spine density in the NAc core of each cocaine group to the average number of cocaine infusions during training and found no significant correlations (Supplementary Table 1 ). The remainder of our analysis focused on potential relationships between spine density and withdrawal time. In saline rats, ANOVA revealed no change in spine density over the four withdrawal times, as expected (F(3,16) = 2.30, p = 0.12). However, cocaine rats showed a significant change over withdrawal (F(3,14) = 6.05, po0.01), with Bonferroni tests indicating significantly increased spine density on WD36 compared with both WD25 (t(14) = 3.10, po0.05) and WD60 (t(14) = 3.91, po0.01).
Based on these findings, we compared saline and cocaine groups on each WD. On WD14, these groups showed no difference in total spine density (Student's t-test, t(7) = 0.42, p = 0.68) or the cumulative frequency distribution of spine densities for all dendritic segments (K-S test = 0.11, p = 0.59) (Figure 2a) . Similarly, cocaine and saline groups killed on WD25 did not differ in total spine density (t(8) = 0.57, p = 0.57) or cumulative distribution (K-S test = 0.07, p = 0.87) (Figure 2b ). However, on WD36, total spine density was significantly increased in the cocaine group (t(7) = 3.52, po0.01). This occurred in both low-and high-density segments as indicated by a generalized rightward shift in the cumulative distribution (K-S test = 0.26, po0.0001) ( Figure 2c ). By WD60, the increase in total spine density observed on WD36 had reversed and in fact there was a trend towards a small decrease in cocaine rats (t(8) = 1.86, p = 0.09). Substantiating this trend, the cumulative distribution was leftward shifted (K-S test = 0.27, po0.0005), although not for those segments with the highest spine density (Figure 2d ). These results suggest that an increase in spines occurs in the NAc core between WD25 and WD36 and a loss of spines occurs between WD36 and WD60.
Spine Morphology in the NAc Core
Next, we determined if cocaine withdrawal differentially affected thin, mushroom, and stubby spines. All dendritic segments for each animal were averaged; then, data from all animals in each group were averaged to provide a density measure for each group. On each of the four WDs, two-way ANOVA (treatment × spine type) revealed a significant main effect for spine type (WD14: F(2,21) = 353.9, po0.0001; WD25: F(2,24) = 449.7, po0.0001; WD36: F(2,21) = 468.0, po0.0001; WD60: F(2,24) = 348.30, po0.0001). This simply reflects the fact that thin spines were more prevalent than other spine types in all experimental groups.
On WD14, we found no significant main effect of drug treatment (F(1, 21) = 0.26, p = 0.61) and no significant treatment × spine-type interaction (F(2, 21) = 0.34, p = 0.71). Confirming these findings, post hoc analysis using Bonferroni tests revealed no group differences in spine density for thin (t(21) = 0.24, NS), stubby (t(21) = 0.90, NS), or mushroom (t(21) = 0.25, NS) spines (Figure 3a) . Similarly, on WD25, we found no main effect of drug treatment (F(1,24) = 0.16, p = 0.69) and no interaction (F(1,24) = 0.16, p = 0.69). Post hoc Bonferroni tests found no group difference in density of thin (t(24) = 0.78, NS), stubby (t(24) = 0.14, NS), or mushroom spines (t(24) = 0.04, NS) ( Figure 3b ).
On WD36, however, we found a significant main effect of drug treatment (F(1,21) = 13.66, p = 0.001), as well as a significant treatment × spine-type interaction (F(2,21) = 7.43, po0.005). The main driver of these effects was an increase in the density of thin spines in the cocaine group (Bonferroni, t(21) = 5.21, po0.05); no group differences were found for stubby (t(21) = 0.04, NS) or mushroom (t(21) = 1.13, NS) spines (Figure 3c ).
On WD60, there was a small main effect of drug treatment (F(1,24) = 4.39, p = 0.04), consistent with results in Figure 2d , but no significant interaction (F(2, 24) = 1.73, p = 0.19). However, post hoc analysis revealed a significant decrease in the density of thin spines in the cocaine animals (t(24) = 2.70, po0.05), but no differences for stubby (t(24) = 0.73, NS) or mushroom (t(24) = 0.19, NS) spines (Figure 3d) .
Overall, these findings indicate that thin spines account for the increase in total spine density occurring between WD25 and WD36 in the NAc core and the decrease in total spine density occurring between WD36 and WD60. and shell (AcbSh) (top) and dorsolateral striatum (DLS) (bottom), labeled according to Paxinos and Watson (2007) , following iontophoretic injection of Lucifer yellow into medium spiny neurons (MSNs). aca, Anterior commissure; ec, external capsule; SA, self-administration.
Spine Density and Morphology in the NAc Shell
Using tissue from the same animals used to analyze the NAc core, we examined dendritic spines at each withdrawal time in the NAc shell. Overall, our results indicate no significant effect of cocaine withdrawal ( Supplementary Figures 1 and 2) , although interpretation of these data is complicated by a small difference in spine density between the saline WD14 group and other saline groups, as discussed in Supplementary Material and the Discussion section.
Spine Analysis in DLS on WD36
The DLS was selected as a control region because it is not implicated in incubation of cocaine craving or related CP-AMPAR plasticity (see Discussion). We injected Lucifer yellow into DLS neurons from the rats killed on WD36, the time-point at which spine density was significantly increased in the NAc core. Total spine density in DLS did not differ significantly between cocaine and saline groups (t(7) = 1.25, p = 0.25). However, there was a small but significant leftward Figure 2 Total spine density in medium spiny neurons of the nucleus accumbens (NAc) core undergoes time-dependent alterations after withdrawal from cocaine self-administration. (a-d) Top images show representative projected z-stack images (100x) from each experimental group. Bottom graphs show cumulative frequency distributions for every dendritic segment from all animals in a group (black line = saline; red line = cocaine). Inset graphs present mean total spine density averaged first by animal and then for the group. Numbers in bars represent the number of animals in each condition. (a) On withdrawal day 14 (WD14), no differences in total spine density or their cumulative distribution were observed between saline and cocaine groups. (b) On WD25, no differences in total spine density or their cumulative distribution were observed between saline and cocaine groups. (c) On WD36, a significant increase in total spine density and a significant shift of the cumulative distribution to the right were observed in the cocaine group. (d) On WD60, a reversal occurred such that the cumulative distribution of spines in the cocaine group was shifted significantly to the left. *po0.05 and ****po0.0001.
shift in the cumulative distribution of spine density in cocaine rats (K-S test = 0.19, po0.01) (Figure 4a ). Analysis of spine subtypes in saline and cocaine rats revealed a significant main effect of spine type (two-way ANOVA, F(2,21) = 124.00, po0.0001), again reflecting greater prevalence of thin spines in both experimental groups, but no significant effect of drug treatment (F(1, 21) = 2.61, p = 0.12) and no significant interaction (F(2, 21) = 0.65, p = 0.53). Post hoc analysis found no differences between cocaine and saline animals in the density of any spine subtype: thin (t(21) = 1.69, NS), stubby (t(21) = 1.01, NS), or mushroom (t(21) = 0.08, NS) (Figure 4b ). Overall, these findings reveal a small decrease in spine density in the DLS on WD36.
DISCUSSION
Our main aim was to analyze spine density and morphology in the NAc core at withdrawal times (WD14, WD25, WD36, and WD60) from extended-access cocaine selfadministration that span the time-dependent increase in cue-induced cocaine craving (incubation) (Lu et al, 2004) and the transition from low to 'incubated' levels of CP-AMPARs (Wolf and Tseng, 2012) .
Spine Plasticity in the NAc Core and Dorsal Striatum During Incubation
After the same regimen used herein, CP-AMPAR levels in the NAc core increase between WD25 and WD35, and then remain stably elevated (Wolf and Tseng, 2012) . Although other mechanisms must account for incubation during the first month of withdrawal, once CP-AMPARs increase in the NAc core, their activation is required for expression of incubation (Conrad et al, 2008; Loweth et al, 2014) , consistent with other evidence that enhanced activation of NAc core MSNs is critical for incubation Carelli, 2005, 2007; Guillem et al, 2014) . Here we observed no differences in NAc core spine density or morphology between cocaine and saline rats on WD14 or WD25. On WD36, just after CP-AMPARs are maximally elevated, cocaine rats showed increased spine density, largely attributable to thin spines. However, whereas CP-AMPAR levels remain high through at least WD90 (Wolf and Tseng, 2012) , the cumulative frequency distribution revealed that spine density in cocaine rats fell slightly below control levels on WD60.
These results suggest that structural plasticity may coincide with CP-AMPAR elevation in the NAc core after withdrawal. It is possible that the new thin spines observed on WD36 are the site of CP-AMPAR incorporation and then persist, whereas other spines are lost (accounting for reversal of the increase in spine density by WD60). Thin spines can be immature and plastic, but they can also form persistent synapses (Holtmaat and Svoboda, 2009 ). Of course, there are alternative possibilities. For example, CP-AMPARs may be added, around WD30, to a population of pre-existing spines that remains relatively stable throughout subsequent withdrawal, with the gain in spines by WD36 and the loss by WD60 involving spines different from those that undergo CP-AMPAR plasticity. Figure 3 Cocaine self-administration regulates the number of thin spines in the nucleus accumbens (NAc) core in a manner that depends on the length of withdrawal. (a) On withdrawal day 14 (WD14), the density of dendritic spine subtypes did not differ between saline and cocaine groups. (b) On WD25, the density of dendritic spine subtypes did not differ between saline and cocaine groups. (c) On WD36, the cocaine group exhibited a significant increase in the density of thin spines in the NAc core in comparison with saline controls. This increase in thin spine density is likely the primary driver behind the increase in total spine density on WD36 (Figure 2c ). (d) On WD60, there was a significant reduction in the density of thin spines in cocaine animals compared with saline controls, but no change in the density of any other dendritic spine subtype. Thus, alterations in thin spines appear to underlie results presented in Figure 2d . *po0.05 and ***po0.001.
Spine plasticity and incubation of cocaine craving DT Christian et al
The DLS has been linked to cocaine seeking during forced abstinence but not its incubation (Fuchs et al, 2006; Pacchioni et al, 2011) . Consistent with this, the present cocaine regimen does not elevate CP-AMPAR levels in the DLS (DT Christian, ME Wolf, KY Tseng, unpublished data). Therefore, spine changes that occur in NAc, but not DLS, are candidates for mediating plasticity related to incubation and CP-AMPAR accumulation. We found a decrease in thin spines in the DLS on WD36, that is, an opposite effect to that observed in the NAc core of the same animals. These results are consistent with the possibility that NAc core spine changes are related to CP-AMPAR plasticity.
Spine Changes in the NAc Shell During Incubation
In the NAc shell, no difference between cocaine and saline groups was found on WD25, WD36, or WD60; however, spine density was relatively lower in cocaine rats on WD14. This is difficult to interpret because it appears to be driven by higher spine density in the saline group on WD14 compared with other saline withdrawal times (see Supplementary Material). CP-AMPARs accumulate in the shell during forced abstinence from cocaine self-administration regimens (Mameli et al, 2009; Pascoli et al, 2014; Terrier et al, 2015; Neumann et al, 2016) , including the regimen used herein (McCutcheon et al, 2011) , and this contributes to incubated cocaine seeking Ma et al, 2014) . However, compared with the core, less is known about the time course of CP-AMPAR elevation in the shell, although it may begin as early as WD10 . Furthermore, whereas CP-AMPARs upregulate in all core MSNs, this occurs in only about half of shell MSNs (McCutcheon et al, 2011) , apparently reflecting both pathway-specific and D1 receptor (D1R)/D2 receptor (D2R) MSN differences Ma et al, 2014; Pascoli et al, 2014; Terrier et al, 2015) . This heterogeneity increases the difficulty of detecting spine plasticity related to CP-AMPAR plasticity.
Although we failed to detect cocaine-induced increases in spine density in the NAc shell, two studies have found such increases after 1 month of abstinence from cocaine self-administration (Robinson et al, 2001; Ferrario et al, 2005) , as described in more detail in the next section. We speculate that the difference may be due to the longer duration of their regimens (the number of sessions ranged from 21 to 37) compared with our regimen (10 sessions).
Comparison with Other Cocaine Studies
Most studies of NAc dendritic spines after cocaine exposure have used non-contingent cocaine regimens (see Introduction). Although results vary depending on multiple variables, many studies have found increases in spine density that are detectable soon after discontinuing cocaine administration and then persist for weeks (Golden and Russo, 2012) . In contrast, there have been only six studies of NAc spines after cocaine self-administration, and only three of these examined the effect of withdrawal. Robinson et al. (2001) found a small but significant increase in the NAc shell spine density after 1 month of withdrawal from cocaine self-administration (1 or 2 h per day × 30 days), but the core was not examined. Ferrario et al. (2005) compared rats after 1 month of withdrawal from extended-access (6 h per day) vs limited-access (1 h per day) cocaine self-administration. After limited access, spine density increased to a similar extent in the core and shell; after extended access, spine changes were more pronounced in the core and were correlated with greater locomotor sensitization and cocaine seeking. Bock et al. (2013) did not examine spine density, but they found an increase in spine head width on NAc core D1R MSNs after cocaine self-administration, which was associated with synaptic potentiation; a subset of rats exhibiting lower vulnerability to compulsive cocaine use also showed synaptic potentiation onto D2R MSNs, but spines were not assessed (cocaine self-administration: 2 h per day for an average of 30 days; withdrawal times ranged from 1 to 38 days).
Overall, the only directly comparable results (Ferrario et al, 2005) are consistent with our finding of increased spine density in the NAc core after~1 month of withdrawal. . Inset graphs present mean total spine density averaged first by animal and then for the group. Numbers in bars represent the number of animals in each condition. On WD36, total spine density did not differ between saline and cocaine groups. However, the cumulative distribution for cocaine segments was significantly shifted to the left. (b) No group difference in the density of any dendritic spine subtype was found in the DLS on WD36. **po0.01.
We emphasize that no prior studies have evaluated NAc spine density at either shorter or longer withdrawals from cocaine self-administration. Although it is generally assumed that cocaine exposure leads to a relatively rapid increase in spine density in the NAc core, the evidence for this idea comes exclusively from studies of non-contingent cocaine exposure (Golden and Russo, 2012) . Of course, we cannot rule out the possibility that our cocaine regimen led to very rapid changes in spine density that dissipated by WD14; this should be examined in future studies. However, our aim here was to test for spine plasticity accompanying progressive changes in craving and AMPAR transmission in later withdrawal phases.
Three recent studies reported rapid, transient increases in spine density in the NAc core during reinstatement of cocaine seeking following extinction training (Gipson et al, 2013; Shen et al, 2014; Stankeviciute et al, 2014) . It is possible that the same occurs during a cue-induced seeking test in 'incubated rats', although this cannot be assumed, as extinction training causes its own plasticity (eg, Self et al, 2004 ) that could influence the spine response during reinstatement. We did not examine spines after a seeking test in the present study because we were interested in spine plasticity that might correlate with CP-AMPAR accumulation, and the latter does not require a seeking test to become evident.
AMPAR Subunit Composition and Spine Morphology
In many instances of synaptic plasticity, there is a correlation between the magnitude of the excitatory synaptic response and spine expansion (Sala and Segal, 2014) . This may seem at odds with our findings in the incubation model, where electrophysiological studies reveal persistently strengthened synapses (Conrad et al, 2008) , but this does not coincide with a shift towards larger diameter (mushroom) spines (present results). Of course, this could be explained if CP-AMPARs are added to new spines. However, if CP-AMPARs are instead added to existing spines, the observed lack of spine expansion could reflect the fact that synapses are strengthened through incorporation of CP-AMPARs rather than Ca 2+ -impermeable AMPARs (CI-AMPARs). The higher conductance of CP-AMPARs may offer a way to enhance synaptic strength without the need for an overall increase in the total number of AMPARs in the postsynaptic density, obviating the need for increased spine volume (Beique et al, 2011; Soares et al, 2013) .
Silent Synapses and Spine Plasticity
In the NAc shell, an increase in silent synapses (ie, synapses containing NMDARs but no AMPARs) has been demonstrated on WD1 from a regimen leading to incubation of cocaine craving; these silent synapses are unsilenced, via incorporation of either CP-AMPARs or CI-AMPARs depending on the pathway, by WD45 Ma et al, 2014; Neumann et al, 2016) . Also depending on the pathway, this silent synapse-based remodeling can either promote or oppose incubation of cocaine craving Ma et al, 2014) . Silent synapses can form through addition of NMDARs to new synaptic sites or loss of AMPARs from existing synapses, and the relationships of these events to spine density/morphology are not well defined (Kerchner and Nicoll, 2008) . Our earliest timepoint (WD14) was probably too late to detect spine plasticity related to cocaine-induced silent synapse formation, and our results at later withdrawal times are difficult to relate to unsilencing because all that is known about the time course of unsilencing is that it may begin by WD10 in some pathways and is complete by WD45 (see above).
Caveats Imposed by Heterogeneity of MSN D1R/substance P-and D2R/enkephalin-expressing MSNs can exhibit different synaptic plasticity following cocaine self-administration (eg, Bock et al, 2013 ) and forced abstinence from cocaine self-administration (Pascoli et al, 2014; Terrier et al, 2015) . Non-contingent cocaine administration can increase spine density in both populations, but some studies suggest that this may be more long-lived in D1R-MSNs (eg, Lee et al, 2006; see Golden and Russo (2012) for review). We are attempting to develop immunohistochemical methods for post hoc identification of Lucifer yellow-filled cells as D1R/substance P-or D2R/ enkephalin-positive, but it has been very challenging to develop a method compatible with Lucifer yellow filling. However, if spine density changes are associated with CP-AMPAR accumulation, we predict similar changes in D1R-MSNs and D2R-MSNs in the NAc core, as CP-AMPAR accumulation is detected in nearly all core MSNs recorded after 4WD35 (McCutcheon et al, 2011) . The shell is more heterogeneous (see above). In addition to D1R/D2R distinctions, it is important to recall that MSNs are heterogeneous in their processing of rewardrelated information (eg, Wheeler and Carelli, 2009) and that cocaine seeking is regulated by small ensembles of MSNs (eg, Cruz et al, 2014) and specific pathways (eg, Lee et al, 2013; Ma et al, 2014; Pascoli et al, 2014) . All of these factors may contribute to difficulties in establishing links between spine and behavioral changes after cocaine exposure.
CONCLUSIONS
First, there is no clear relationship between NAc spine density (present study) and the level of cue-induced cocaine craving (prior studies) over 2 months of withdrawal from extended-access cocaine self-administration. Second, based on the previously established time course of CP-AMPAR accumulation, our results suggest that a transient increase in spine density may accompany the shift from low to higher CP-AMPAR levels in NAc core synapses that occurs after~1 month of withdrawal. However, spine density subsequently normalizes, indicating that elevated CP-AMPARs (and incubated craving) are subsequently maintained in the absence of a sustained increase in spine density. Functional studies at the single spine level will be required to unravel the relationship between morphological and glutamate receptor plasticity during incubation of craving.
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